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MEMORY ARRAY WITH REDUNDANT BITS
AND MEMORY ELEMENT VOTING
CIRCUITS

BACKGROUND

This invention relates to memory elements, and more par-
ticularly, to circuitry for ensuring that memory elements
exhibit satisfactory immunity to soit error upset events.

Integrated circuits often contain volatile memory elements
such as static random-access memory (SRAM) elements.
Memory elements can be used to temporarily store data dur-
ing data processing operations. For example, an integrated
circuit that contains processing logic may contain an array of
SRAM elements for storing data that 1s used by the processing
logic. Memory elements may also be used in memory chips.
Circuits such as field-programmable gate arrays and other
programmable devices may contain memory elements that
store configuration data for configuring programmable logic.

A volatile memory element retains data only so long as an
integrated circuit 1s powered. In the event of power loss, the
data 1n the volatile memory element 1s lost. Although non-
volatile memory elements such as memory elements based on
clectrically-erasable programmable read-only memory tech-
nology are not subject to data loss 1n this way, 1t 1s often not
desirable or possible to fabricate nonvolatile memory ele-
ments as part of a given integrated circuit.

Volatile memory elements are subject to a phenomenon
known as soft error upset. Soit error upset events are caused
by cosmic rays and radioactive impurities embedded 1n inte-
grated circuits and their packages. Cosmic rays and radioac-
tive impurities generate high-energy atomic particles such as
neutrons and alpha particles. The memory elements typically
contain transistors that are formed from silicon. When an
atomic particle strikes the silicon 1n a memory element, elec-
tron-hole pairs are generated. The electron-hole pairs create a
conduction path that can cause a charged node 1n the memory
clement to discharge and the state of the memory element to
thip. If, for example, a *“1” was stored in the memory element,
a solt error upset event could cause the “1” to change to a “0.”

Upset events 1n an integrated circuit corrupt the data stored
in the memory elements and can have serious repercussions
for system performance. In certain system applications such
as remote 1nstallations of telecommunications equipment, 1t
1s extremely burdensome to repair faulty equipment. Unless
programmable logic devices and other integrated circuits
demonstrate good immunity to soit error upset events, they
will be unsuitable for these types of applications.

One way to provide integrated circuits with tolerance to
solt error upset events mvolves periodically checking the
status of the bits in a memory array. Using error correction
codes such as cyclic redundancy check codes, redundant
information may be stored in a section of a memory array.
Error checking circuitry can periodically read out the data 1in
a memory array and the corresponding error correction codes
to determine whether errors are present in the data. If an error
1s detected, appropriate action can be taken. For example, 1n
some devices 1itmay be possible to reload a copy of the correct
data into the memory array.

The process of periodically reading out the data from a
memory array can, however, consume undesired power on an
integrated circuit. The circuitry that 1s used to support these
periodic data checks must also be imncorporated into the inte-
grated circuit, which can increase circuit cost and complexity.
Moreover, there 1s the possibility that the act of reading out
the contents of a memory element will disturb the state of the
clement, even with properly designed read circuits.
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It would therefore be desirable to be able to provide
memory circuitry with improved tolerance to soft error upset
events.

SUMMARY

An itegrated circuit may have an array ol memory ele-
ments. Each memory element may have multiple redundant
memory cells. The memory cells may be based on static
random-access memory circuits or thyristor-based circuits.

Each memory element may have a voting circuit that
receives signals from the memory cells 1n that memory ele-
ment. The voting circuit can produce an output based on the
signals. The signals stored by the memory cells of each
memory element may nominally be identical so that the vot-
ing circuit can produce an accurate output even 1n the event
that a radiation strike causes some of the memory cells to tlip
their states to erroneous values.

In integrated circuits with memory elements that each have
three static random-access memory cells, a voting circuit can
correct single cell errors. In integrated circuits with memory
clements that are based on three thyristors, the voting circuit
can correct single cell errors and double cell errors.

Further features of the invention, its nature and various
advantages will be more apparent from the accompanying

drawings and the following detailed description of the pre-
terred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram of an illustrative integrated circuit with
memory element circuitry in accordance with an embodiment
of the present invention.

FIG. 2 1s a diagram of an illustrative memory element that
includes three redundant memory cells and a voting circuit 1in
accordance with an embodiment of the present invention.

FIG. 3 1s a circuit diagram of an illustrative static random-
access memory cell that may be used in a memory element of
the type shown 1n FIG. 2 1n accordance with an embodiment
ol the present invention.

FIG. 4 1s a circuit diagram of a thyristor memory cell that
may be used 1n a memory element of the type shown 1n FIG.
2 1n accordance with an embodiment of the present invention.

FIG. 5 shows circuitry that may be used 1n a thyristor
memory cell of the type shown 1n FIG. 4 1n accordance with
an embodiment of the present invention.

FIG. 6 1s a diagram showing p-type and n-type doped
semiconductor regions that may be used 1n a thyristor for a
thyristor-based memory cell 1n accordance with an embodi-
ment of the present invention.

FIG. 7 1s a graph of a current versus voltage characteristic
associated with a thyristor for a thyristor memory cell 1n
accordance with an embodiment of the present invention.

FIG. 8 1s a table illustrating the behavior of an illustrative
voting circuit of the type shown in FIG. 2 that may be used for
memory elements containing memory cells of the type shown
in FIGS. 3 and 4 1in accordance with an embodiment of the
present invention.

FIG. 9 1s a circuit diagram of an illustrative voting circuit
that may be used to implement the voting behavior of FIG. 8
in accordance with an embodiment of the present invention.

FIG. 10 1s a table 1llustrating the behavior of an illustrative
voting circuit of the type shown in FIG. 2 that may be used for
memory elements containing memory cells of the type shown
in F1G. 4 to correct single cell errors and double cell errors 1n
accordance with an embodiment of the present invention.
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FIG. 11 1s a circuit diagram of an illustrative voting circuit
that may be used to implement the voting behavior of FI1G. 10
in accordance with an embodiment of the present invention.

FIG. 12 1s a flow chart of illustrative steps mvolved in
operating an integrated circuit with memory elements such as

the integrated circuit of FIG. 1 in accordance with an embodi-
ment of the present invention.

DETAILED DESCRIPTION

This relates to integrated circuits with memory elements.
The integrated circuits 1n which the memory elements are
used may be memory chips, digital signal processing circuits
with memory arrays, microprocessors, application specific
integrated circuits with memory arrays, programmable inte-
grated circuits such as programmable logic device integrated
circuits (e.g., field-programmable gate arrays) in which
memory elements are used for configuration memory, or any
other suitable integrated circuit. For clarty, the memory ele-
ments will sometimes be described in the context of program-
mable 1ntegrated circuits. This 1s, however, merely illustra-
tive.

An 1illustrative integrated circuit such as a programmable
integrated circuit 1s shown i FIG. 1. As shown 1n FIG. 1,
integrated circuit 10 may include a memory array having
read-write control circuitry 12 and an array 14 of memory
clements 16. Horizontal and vertical signal paths such as
paths 18 and 20 may be used 1n controlling memory elements
16. In some configurations, for example, paths 18 may
include address lines for addressing elements 16 and paths 20
may include bit lines. Bit lines may be used for routing data to
clements 16 form control circuitry 12 during write operations
and, 1n configurations that support read operations, may be
used for routing data from elements 16 to control circuitry 12.

Paths such as paths 18 may also include other signal paths,
such as paths for distributing clear signals (e.g., to control
clear transistors), paths for distributing a positive power sup-
ply voltage Vcc, paths for distributing a ground power supply
voltage Vs, etc. The types of signal lines that are associated
with elements 16 and control circuitry 12 depend on the type
of memory elements 16 that are used 1n array 14. In some
situations, memory elements 16 may be based on static ran-
dom-access memory (SRAM) cells. SRAM cells may be
based on bistable data storage elements formed from cross-
coupled 1nverters or other circuits. SRAM cells generally
allow data to be read and written. In other situations, memory
clements 16 may be based on thyristor cells. Thyristor cells
can be cleared by depowering the cells. Circuitry 12 may
contain control circuits for writing data into thyristor cells
and may or may not contain read circuitry for reading data
from thyristor cells.

FIG. 2 1s a circuit diagram of an 1illustrative memory ele-
ment. As shown in FIG. 2, memory element 16 may contain a
number of individual memory cells 26 (e.g., three or more
cells 26). The output of each memory cell 26 may be coupled
to a respective input of a voting circuit such as voting circuit
28. The signal outputs from memory cells 26 are labeled “A.”
“B,” and “C” 1n the FIG. 2 example.

Voting circuit 28 may process the signals from cells 26 and
may produce a corresponding output F on path 22. The value
of output F 1s determined from the values of inputs A, B, and
C using the voting logic of circuitry 28. For example, 1n a
majority voting scheme, F will have the same logic state as the
majority of the A, B, and C signals.

As shown 1n FIG. 1, each cell 16 in array 14 may have a
respective output 22. In a programmable 1ntegrated circuit
such as a field-programmable gate array or other program-

10

15

20

25

30

35

40

45

50

55

60

65

4

mable logic device, memory elements 16 are loaded with
configuration data and produce corresponding static output
control signals on their outputs 22. The control signals on
outputs 22 are applied to programmable logic circuitry on
device 10 to customize the programmable logic circuitry to
implement a desired logic function. For example, the output
signal on each output 22 may be applied to the gate G of a
corresponding transistor such as i1llustrative pass transistor 24
of FIG. 1. Transistor 24 may be, for example, a metal-oxide-
semiconductor transistor n-channel metal-oxide-semicon-
ductor transistor or a p-channel metal-oxide-semiconductor
transistor that makes up part of a programmable multiplexer
or other programmable circuit.

During data loading operations, control circuit 12 of FIG. 1
may load data such as configuration data for a programmable
integrated circuit into memory elements 16. When loading
cach memory element, redundant data may be loaded into
cach of the three memory cells 26 of each element. For
example, the three memory cells 26 1n a first memory element
may each be loaded with a logic “1”” or may each be located
with a logic “0”. Loading 1dentical data into each of the three
cells 1n a memory element helps make the memory element
immune to radiation-induced errors.

During operation of circuit 10, each memory cell 26 may
produce a corresponding output. For example, in the three-
cell configuration of FIG. 2, a first of the memory cells 26 may
produce an output A, a second of the memory cells 26 may
produce an output B, and a third of the memory cells 26 may
produce an output C. The signals A, B, and C may be analyzed
by voting circuit 28, which may produce a corresponding
output signal F. If, for example, A, B, and C are all logic ones,
voting circuit 28 can conclude that the correct value for the
memory bit stored by element 16 1s a logic one and can take
F to a corresponding value. The value that 1s used on output F
to represent a logic one may be a high voltage (e.g., Vce value
of 1.0 volts) or a low voltage (e.g., a Vss value of 0 volts),
depending on the convention used by device 10.

The operation of voting circuit 28 helps ensure that the
state of memory element output F does not erroneously tlip
when device 10 1s subjected to a radiation-induced bit error in
one of cells 26. Voting circuit 28 may, for example, implement
a majority voting scheme 1n which the output F 1s equal to the
value of the majority of bits A, B, and C. Even 1if the bit value
in one of cells 26 erroneously flips due to a radiation strike,
the other two cells 1n element 16 will still maintain their
correct values. In this type of situation, voting circuit 28 will
respond by taking the output F to the value held by the
majority of the cells. Because two cells hold the correct value
and one cell holds an erroneous value 1n this scenario, the
output F will be correct (because two out of three represents
a majority).

Majority voting schemes may be used for voting circuit 28
in devices with memory elements 16 that are based on static
random-access memory cells (SR AM) cells and/or other cells
such as thyristor cells. If no more than one bit error occurs 1n
cach memory element, majonty-type voting circuits will
ensure that the output value F 1s correct. Double-bit errors (i.¢.
scenar1os 1n which two of the three cells 26 1n a given memory
clement 16 are erroncously flipped) cannot generally be
handled using majority voting.

Double-bit errors can, however, be handled by appropri-
ately configured voting circuits 28 1n situations 1n which cells
26 are based on components such as thyristors that exhibit
only one type of data tlip 1n response to radiation strikes.
Thyristor-based cells 26 may, for example, only have the
potential to erroneously tlip from zero to one 1n response to a
radiation strike, not from one to zero. Because of this inherent
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stability, thyristor-based memory cells 26 may be less prone
to errors than SRAM-based memory cells 26.
An illustrative SRAM-type memory cell that may be used

in 1mplementing each of cells 26 of memory element 16 1n
FIG. 2 1s shown 1n FIG. 3. As shown 1n FIG. 3, memory cell

26 may be addressed using address line ADD. Address line
ADD may be controlled by control circuitry 12. There may
be, for example, an address line ADD associated with each
row of array 14. Data may be loaded 1nto cell 26 and may be
read from cell 26 using bit lines (sometimes referred to as data
lines) such as bit line BL.

Data may be stored on data storage nodes ND1 and ND2 by
a bistable data storage element such as a bistable data storage
clement formed form cross-coupled inverters I1 and 12.
Inverters 11 and 12 may be powered by positive power supply
voltage Vcc and ground power supply voltage Vss. The input
of inverter I1 1n the FIG. 3 example 1s connected to node ND1
and the output of mnverter 11 1s connected to node ND2. The
input of mverter 12 1s connected to node ND2 and the output
ol inverter 12 1s connected to node ND1. The bit values on
nodes ND1 and ND2 are therefore complementary. When a
logic one has been loaded 1nto cell 26, ND2 will be high and
ND1 will be low. When a logic zero 1s being stored 1n cell 26,
ND2 will be low and ND1 will be high.

The value of the bit on node ND2 may be applied to output
line OUT (e.g. to provide one of the A, B, or C signals of FIG.
2). If desired, multiple cells 26 may be cleared by asserting
clear control signal CLR for each of the multiple cells. In each
cell that receives a high CLR control signal, clear transistor
TC will be turned on. When transistor TC 1n a given cell 1s
turned on, node ND2 and output OUT 1in that cell will be
pulled low to ground voltage Vss (e.g., 0 volts).

When 1t 1s desired to load a logic one into cell 26, bit line
BL may be held low (e.g., at Vss) and address signal ADD
may be asserted by taking ADD high. When ADD 1s taken
high, address transistor TA will be turned on, driving the low
signal on bit line BL into node ND1. When ND1 1s pulled low
in this way, node ND2 will go high (1.e., cell 26 will store a
logic one). When it 1s desired to load a logic zero into cell 26,
bit line B may be maintained a high value (e.g. Vcc). With
bit line BL high, address signal ADD may be asserted to turn
on address transistor TA. This will drive the high signal from
bit line BL onto node ND1. When node ND1 goes high,
inverter 11 will drive ND2 low, thereby completing the opera-
tion of loading a zero into cell 26. Read operations may be
performed by asserting ADD while monitoring the status of
bit line BL.

An 1llustrative thyristor-based memory cell of the type that
may be used for cells 26 of FIG. 2 1s shown in FIG. 4. As
shown 1n FIG. 4, thyristor-based cell 26 may store data using
a bistable data storage element formed from thyristor circuit
30. Cell 26 may have associated control lines such as address
lines ADD1 and ADD2. Signals ADD1 and ADD2 may be
asserted to read data from thyristor circuit 30 onto bit line BL
and to write data into thyristor circuit 30. Control signals for
controlling memory cells such as memory cell 26 of FIG. 4
may be generated by control circuitry 12 and may be con-
veyed over vertical and horizontal control lines such as lines
18 and 20 1 FIG. 1.

Power supply voltage Vcc may be held high (e.g., at 1.0
volts or other suitable voltage) during normal operation,
when 1t 1s desired to retain loaded data on thyristor circuit 30.
When 1t 1s desired to clear thyristor circuit 30, Vcc may be
depowered (e.g., taken momentarily to a Vss value o1 0 volts).

FI1G. 5 shows how thyristor circuit 30 may 1include thyristor
32 and transistor TA. Transistor TA may recetve control sig-
nals via gate 34. Thyristor 32 may be formed from a p-n-p-n
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structure with a control gate G (illustrated as the gate of
transistor TG). As shown 1n FIG. 5, thyristor 32 effectively
includes a first bipolar transistor portion TB1, a second bipo-
lar transistor portion TB2, and control transistor portion TG.
Gate G may be controlled by a control signal on line 36.

A diagram showing the doped regions in thyristor 34 is
shown in FI1G. 6. As shown 1n FIG. 6, thyristor 34 may have an
anode A and a cathode C. The signal stored on cathode C may
represent the stored data in thyristor-based cell 26.

When 1t 1s desired to write a logic one onto data storage
node C, the signal on line 36 may be asserted (e.g., taken
high). As shown in FIG. 5, transistor TB1 may have a terminal
that forms thyristor cathode C. Transistor TB2 may have a
terminal that forms thyristor anode A. Anode A may be pow-
ered by voltage Vcc. To power thyristor 32 and thereby allow
thyristor 32 to store data OUT on cathode C, transistor TCC
may be turned on by holding control signal CL low (s1gnal CL
and transistor TCC may be shared by multiple thyristors 32).
When 1t 1s desired to depower thyristor 32 and thereby clear
its contents (1.e., when 1t 1s desired to take the stored bit on
output OUT to Vss), transistor TCC may be turned off by
taking control terminal CL high. When transistor TCC 1s
turned off, node A will drop to alow voltage (e.g., Vss) and the
state of thyristor 32 will revert to 1ts nitial “unprogrammed”
state (1.e., the voltage on C will be low). The state of thyristor
circuit (1.e., the voltage on cathode C of thyristor 32) may be
sensed by taking the signal on control gate 34 high. This turns
on transistors TA so the voltage on node C can be sensed via
bit line BL.

The I-V charactenistic of FIG. 7 shows how thyristor 32
may be used to store data. Imitially, thyristor 32 may be 1n an
unpowered state. When a voltage V1 1s applied to the anode A
of thyristor 32 to power thyristor 32 (e.g., viathe Vcc terminal
of FIG. 5), thyristor 32 will pass a current 11 between 1ts
anode and 1ts cathode and will exhibit a low voltage at cathode
C. In this state, thyristor 32 may be considered to be storing a
logic “0.” The state of the thyristor (1.e., the “0” on cathode C,
which may serve as output signal OUT) can be maintained by
maintaining the voltage on the thyristor at a value that 1s less
than threshold voltage V2.

When 1t 1s desired to program thyristor 32, a positive volt-
age pulse (e.g., a pulse of about 1 volt as an example) may be
applied to gate G. This causes the thyristor to transition to
operation 1n the “1” position of FIG. 7, as illustrated by line
38. In the “1” position, thyristor 32 will pass current 12 and
will exhibit a higher voltage (indicative of a logic “1” on
cathode C). Although the state of thyristor 32 when operating
in the “0” state can be erroneously flipped to the “1” state by
a radiation strike, radiation strikes on thyristor 32 when oper-
ating the “1” state will not result 1n a “1” to “0” flip. Rather,
radiation strikes on thyristor 32 when thyristor 32 1s storing a
“1” will leave the state of thyristor 32 unchanged. Thyristor
32 1s therefore subject to erroneous tlips in state 1n only one
direction (1.e., low to high but not high to low). In contrast,
SRAM cells such as illustrative SRAM cell 26 of FIG. 3 are
generally subject to flips 1n both the low to high and the high
to low directions when struck by radiation.

Voting circuit 28 of FIG. 2 may be tailored to the type of
redundant memory cell that 1s being used in memory element
16. When a memory element that 1s subject to both low-to-
high and high-to-low flips in the event of a radiation strike, a
majority voting scheme may be implemented. Thyristor-
based memory elements may also use majority voting (if
desired). When majority voting logic 1s used in voting circuit
28, memory elements 16 can survive single-error upset events
(the erroneous tlip of one of the three memory cells 26 1n a
given element).
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When a memory element 1s only subject to one-way flips,
as with a memory element that 1s formed from three thyristor
memory cells, the voting circuit may, 1f desired, use logic that
allows two of the cells to tlip from low to high without leading
to an erroneous flip 1 the memory element output. The
reverse situation (handling flips 1n the memory cells between
high and low) does not need to be considered, because this
type of upset event does not result from radiation strikes to
thyristor cells. Memory elements 16 that are based on three
thyristor cells are therefore able to handle both single-cell
upsets and dual-cell upsets.

FIG. 8 1s a table showing how voting circuit 28 of FIG. 2
may operate when implementing a majority voting scheme of
the type appropriate for use with memory cells 26 that are
formed from SRAM-based memory cells (or, 1t desired, thy-
ristor-based memory cells). The first three columns of the
table of FIG. 8 correspond to the three memory cells of FIG.
2. In particular, the memory cell that produces the output A 1n
FIG. 2 corresponds to the first column of the table of FIG. 8,
the memory cell that produces the output B in FIG. 2 corre-
sponds to the second column of the table of FIG. 8, and the
memory cell that produces the output C in FIG. 2 corresponds
to the third column of the table of FIG. 8. During operation,
voting circuitry 28 (FIG. 2) recerves the respective A, B, and
C outputs from memory cells 26 as mputs and produces a
corresponding output F on output path 22. The fourth column
of the table of FIG. 8 shows the values of F that are produced
for various combinations of A, B, and C at the input of voting
circuit 28.

The voting circuit operations of FIG. 8 can correct up to
one memory cell error per memory element. The number of
memory cell errors that are being corrected by the voting
circuit are listed 1n the fifth column of the table of FIG. 8.
When all cells 26 contain the same information, no errors are
present and the output F will be equal to the contents of each
of cells 26. For example, when A, B, and C are equal to “0,”
the output F will be “0,” as shown 1n the first row of the table
of FIG. 8. As shown 1n the fifth row of the FIG. 8 table, the
output F will be *“1” when the contents of the A, B, and C cells
are all “1.”

In some situations, radiation strikes may cause a cell to flip.
For example, a radiation strike to an SRAM cell or a thyristor
cell may cause a “0” to thp to a “1” or a radiation strike to an
SRAM cell that contains a “1” may cause the SRAM cell to
tlip to a “0.” Both high-to-low and low-to-high cell tlips can
be handled by the voting circuit response of FIG. 8. For
example, an erroneous tlip ol a “0” to a “1”” (illustrated by the
entries 1n the second, third, and fourth rows of FIG. 8) will not
cause the output F to erroneously change. So long as two of
the three memory cells 26 supply zeros at their outputs, the
final output F of the memory cell will remain at “0.”

Both high-to-low and low-to-high cell tlips can be handled
by the voting circuit response of FIG. 8. For example, an
erroneous flip ofa “0” to a “1”” (illustrated by the entries in the
second, third, and fourth rows of FIG. 8) will not cause the
output F to erroneously change. So long as two of the three
memory cells 26 supply zeros at their outputs, the final output
F of the memory cell will remain at ““0.” An erroneous flip of
a “1”to a “0,” which may occur 1n SRAM based cells, but not
thyristor-based cells and which 1s illustrated by the entries in
the sixth, seventh, and eighth rows of FIG. 8, will also not
cause the output F to erroneously change. So long as two of
the three memory cells 26 correctly supply ones at their
outputs, the final output F of the memory cell will remain at
«q

The voting operation of the table of FIG. 8 may be imple-
mented using voting circuitry of the type shown 1 FIG. 9 (as
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an example). As shown 1n FIG. 9, logic signals A, B, and C
may be provided to mputs 40 of AND gates 42. Each AND
gate 42 may be, for example, a two-input AND gate that forms
an output that 1s a logical AND function of 1ts two nputs at a
respective output path 44. For example, the leftmost AND
gate 42 1n the example of FIG. 9 forms an output signal on 1ts
output path 44 that i1s equal to AAND B (1.e., A-B). Logic gate
46 recerves the signals on lines 44 as mputs and produces a
corresponding output F on output path 22. Gate 46 may be a
logic gate such as an OR gate. If desired, a NOR gate may be
used mstead of an OR gate (i.e., 1f convention calls for the F
to be a logic one when all memory cells 26 are zeros).

When implemented using an OR function, gate 46 will
produce an output F that 1s the logical OR (+) of its inputs. The
value of F with the circuit of FIG. 9 1s therefore given by
equation (1).

F=A4-B+A4-C+B-C (1)

As indicated by equation 1, the output F will be high when-
ever any two mputs are high and the output F will be low 1n
response to a collection of inputs that contain at least two low
values (1.e., the circuit of FIG. 9 implements majority voting,
as described 1n connection with FIG. 8). If desired, more cells
may be included in memory element 16 (e.g., five) and a
five-input voting circuit of the type shown in FIG. 9 may be
used. Three-cell schemes are, however, generally more able
to use circuit real estate efliciently and help reduce the com-
plexity of device 10.

As described 1n connection with FIGS. 4, 5, 6, and 7,
thyristor-based memory cells are generally only susceptible
to low-to-high radiation-induced errors (when using a logic
level naming convention of the type described in connection
with FIG. 7) and are not susceptible to high-to-low radiation-
induced errors. This property can be exploited to allow voting
circuit 28 to accommodate both single-cell flips and double-
cell tlips.

A table showing how voting circuit 28 may operate when
implementing a voting scheme of the type appropriate for use
with memory cells 26 that are formed from thyristor-based
memory cells 1s shown 1n F1G. 10. As with the table of FIG. 8,
the first three columns of the table of FIG. 10 correspond to
the three memory cells of FIG. 2 (1n this case, thyristor-based
cells). The thyristor-based memory cell that produces the
output A 1n FIG. 2 corresponds to the first column of the table
of F1G. 10, the thyristor-based memory cell that produces the
output B in FIG. 2 corresponds to the second column of the
table of FIG. 10, and the thyristor-based memory cell that
produces the output C in FIG. 2 corresponds to the third
column of the table of FIG. 10. During operation, voting
circuitry 28 (FIG. 2) receives the respective A, B, and C
outputs from memory cells 26 as inputs and produces a cor-
responding output F on output path 22 1n accordance with the
entries of the table of FIG. 10. The fourth column of the table
of FIG. 10 shows the values of F that are produced for various
combinations of A, B, and C at the input of voting circuit 28.
The fifth column shows how many errors are present in the A,
B, and C values.

As shown 1n the row RA, the output F will be “0” when A,
B, and C are all ““1.” The value of F 1s inverted with respect to
the value of redundant bits of memory cells 26 1n this
example. If desired, the value of F may be non-inverted. Inthe
situation represented by row RA, the bit stored 1n each of the
A, B, and C cells 1s 1dentical and 1s high. Row RB represents
the situation 1n which the bit stored in each of the A, B, and C
cells 1s 1dentical and 1s low. The row RA and RB scenarios
correspond to situations 1n which no errors are contained 1n
the memory cells 26.
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Due to a radiation strike, cells 26 that contain a “0” may
erroneously flip to a *“1” state. In the scenarios of rows RC,
one of the three cells has erroneously flipped from a “0” to a
“1,” but, as shown by the corresponding F values for these
rows, the output F 1s unchanged (1.e., F 1s still equal to *“1”
even 1n the presence of a single memory cell error). In the
scenarios of rows RD, two of the three cells have erroneously
flipped from a “0” to a “1.” Even through two cells have
tlipped, the output F 1s again unchanged (i.e., F 1s still equal to
a “1” even 1n the presence of a double memory cell error). If
all three cells in the memory element erroneously tlip (1.e., all
three “0s” flip to “1s,” the value of F (1.e., the output of the
memory element) will not be correct. The likelihood of such
a triple cell error occurring 1s, however, negligible.

[lustrative circuitry that may be used for voting circuit 28
to implement the logic functions of FIG. 10 are shown 1n FIG.
11. As shown 1n FIG. 11, voting circuit 28 may have three
p-channel metal-oxide semiconductor (PMOS) transistors 52
and three n-channel metal-oxide-semiconductor (NMOS)
transistors 54. Transistors 52 may be configured so that their
source-drain terminals are connected 1n parallel between ter-
minal 48 and node 56. Transistors 34 may be configured so
that their source-drain terminals are connected to each other
in series between node 56 and terminal 50. Terminal 48 may
be used to supply voting circuit 28 with a positive power
supply voltage Vcc. Terminal 50 may be used to supply voting
circuit 28 with a ground power supply voltage Vss (e.g., O
volts).

Each of PMOS transistors 52 may have a gate that receives
a respective memory cell output (1.e., A, B, or C, respec-
tively). Each of NMOS transistors 54 may have a gate that
receives A, B, or C, respectively. Output F may be provided on
node 56. With the circuitry of FIG. 11, output F on node 56
will produce a signal 1n response to mputs A, B, and C in
accordance with equation 2.

F=NOT(4-B-C) (2)

The voting circuit operation represented by equation 2 corre-
sponds to the entries of the table of FIG. 10 and 1s suitable for
correcting one-cell and two-cell errors, as described 1n con-
nection with the use of memory elements that each include
three thyristor-based memory cells.

[lustrative steps involved 1n operating circuit 10 of FIG. 1
using memory elements 16 with voting circuits are shown in
FIG. 12. The voting circuits used in the operations of FIG. 12
may be, for example, voting circuits 28 1n memory elements
16 with thyristor-based memory cells 26 and the ability to
recover from both single errors and double errors, as
described in connection with FIGS. 10 and 11 (as an
example).

At step 58, array 14 may be cleared. For example, transis-
tors such as transistor TCC of FIG. 5 may be turned off by
taking clear control signal CL high, thereby blocking the
application of positive power supply voltage Vcc to thyristor
32. With Vcc removed from thyristor 32 1n this way, thyristor
32 will become cleared and, when repowered, will operate 1n
the “0” state shown 1n FIG. 7.

At step 60, control circuitry 12 can 1ssue control signals on
control lines such as control lines 18 and 20 that load desired
data into memory elements 16. As described in connection
with FIGS. 5 and 7, for example, gates G may be selectively
pulsed to transition memory cells 26 from their “0” to their
“1” states. In memory elements 1n which the memory cell
gates G are not pulsed, the contents of the memory cells will
remain as “0.”

To ensure immunity to soft error upset events, all three cells
26 1n each memory element may be treated in the same way.
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For example, 1t 1t 1s desired to cause the output F of a given
memory element to be “0,” all three memory cells 26 1n that
memory element may be placed 1n their *“1” state, whereas 11
it 1s desired to cause the output F of the memory element to be
“1,” all three memory cells 26 1n that memory element may be
placed 1n their “0” state. (In non-inverting schemes, three
“1s” are loaded 1nto the cells of an element that 1s to produce
a “1” and three “0s” are located into the cells of an element
that 1s to produce a “0.”)

After memory elements in array 14 have been loaded with
redundant data, circuit 10 may be used 1n a system (step 62).
During the operations of step 62, radiation strikes may erro-
neously cause some of the cells 26 1n circuit 10 to tlip. When
thyristor-based cells are used, flips only occur in one direction
(e.g., from “0” to *“17"), so a voting circuit of the type described
in connection with FIG. 11 may be used that 1s capable of
handling both single error and double error scenarios. The
output F of the voting circuit 28 may be applied to program-
mable logic circuitry in circuit 10. For example, each output
F may be applied to a corresponding gate of a programmable
transistor such as illustrative transistor 24 of FI1G. 1, thereby
configuring the programmable transistors and the program-
mable logic that contains the programmable transistors to
perform a desired logic function.

The foregoing 1s merely 1llustrative of the principles of this
invention and various modifications can be made by those
skilled in the art without departing from the scope and spirit of
the mvention.

What 1s claimed 1s:

1. A memory element, comprising;:

a plurality of memory cells that store redundant data; and

a voting circuit that recerves signals from the memory cells
and that produces a corresponding output for the
memory element.

2. The memory element defined 1n claim 1 wherein the
voting circuit produces a logic one at the output when the
memory cells contain logic zeros.

3. The memory element defined 1n claim 2 wherein the
memory cells comprise thyristors.

4. The memory element defined 1in claim 3 wherein the
voting circuit comprises:

a first set of three transistors coupled in parallel between a

first terminal and an output node;

a second set of three transistors coupled 1n series between
the output node and a second terminal, wherein the
output node provides the output for the memory ele-
ment.

5. The memory element defined in claim 4 wherein at least
one of the memory cells comprises a thyristor that has an
anode that recetves a positive power supply voltage and that
has a cathode, wherein the voting circuit 1s coupled to the
cathode.

6. The memory element defined in claim 4 wherein each of
the memory cells comprises a respective thyristor that has an
anode that receives a positive power supply voltage and that
has a cathode, wherein the cathodes supply the signals to the
voting circuit.

7. The memory element defined in claim 1 wherein the
voting circuit produces an 1dentical output when the plurality
of memory cells all contain the same logic value and when the
plurality of memory cells contain one value that differs from
the other values stored 1n the plurality of memory cells.

8. The memory element defined 1n claim 1 wherein the
memory cells contain one correct bit and two erroneously
tlipped bits and wherein the voting circuit produces a correct
version of the output based on the signals from the memory
cells.
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9. The memory element defined 1n claim 1 wherein the
memory cells comprise static random-access memory cells.

10. The memory element defined 1n claim 9 wherein the
voting circuit comprises at least three logic gates each of
which recetves signals from a respective pair of the static
random-access memory cells.

11. A memory element, comprising;:

three memory cells each storing a respective bit of data;

and

a voting circuit that 1s coupled to the three memory cells

and that 1s operable to produce an output 1n response to
the bits of data 1n the three memory cells, wherein a first
ol the three memory cells contains a correct bit, wherein
a second and a third of the three memory cells contain
erroneously flipped bits, and wherein the voting circuit
produces a correct version of the output 1n response to
the correct bit and the erroneously flipped bits from the
memory cells.

12. The memory element defined in claim 11 wherein each
memory cell includes a thyristor.

13. The memory element defined 1n claim 12 wherein the
thyristors comprises anodes and cathodes, wherein the
anodes recetve a positive power supply voltage, and wherein
the cathodes provide the bits of data to the voting circuat.

14. The memory element defined 1n claim 11 wherein the
voting circuit comprises at least three parallel transistors each
of which has a gate coupled to a respective one of the memory
cells.

15. The memory element defined 1n claim 14 wherein the
voting circuit comprises at least three transistors coupled in
series each of which has a gate coupled to a respective one of
the three memory cells.

16. An integrated circuit, comprising;:

at least one memory element having three thyristor-based

memory cells and a voting circuit coupled to the thyris-
tor-based memory cells that produces an output based on
three respective stored data bits from the thyristor-based
memory cells; and
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at least one programmable transistor having a gate that

receives the output from the memory element.

17. Theintegrated circuit defined 1n claim 16 wherein the at
least one memory element comprises one of a plurality of
memory elements each of which has three thyristor-based
memory cells that store three respective data bits and each of
which has a voting circuit coupled to the three thyristor-based
memory cells of that memory element, wherein the voting
circuit of each memory element produces a corresponding
output based on the data bits stored in the three thyristor-
based memory cells of that memory element, and wherein the
programmable transistor comprises one of a plurality of pro-
grammable transistors each having a respective gate coupled
to the output of a respective one of the plurality of memory
clements.

18. The integrated circuit defined 1n claim 17 wherein each
thyristor-based memory cell has a thyristor with an anode that
receives a positive power supply voltage and a cathode on
which the data bit for that thyristor-based memory cell 1s
stored.

19. The integrated circuit defined 1n claim 18 wherein the
voting circuits each have three transistors coupled 1n parallel.

20. An integrated circuit, comprising:

a plurality of memory elements, ecach memory element

comprising:

three memory cells each storing a respective bit of data;
and

a voting circuit that 1s coupled to the three memory cells
in that memory element and that produces an output in
response to the bits of data 1n the three memory cells.

21. The mtegrated circuit defined in claim 20 wherein the
plurality of memory elements are formed 1n an array having,
rows and columns, each row and each column including a
plurality of the voting circuits, each a part of a respective one
of the plurality of memory elements.
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